The Global Precipitation Mission, a satellite project under consideration as a follow-on to the Tropical Rainfall Measuring Mission (TRMM) by the National Aeronautics and Space
In this proof-of-conceptstudy we seekto demonstrate the benefitsof using rainfall and TPW retrievals derivedfrom passivemicrowaveinstrumentsin global dataassimilation,even with the limited coverageafforded by three satellites. Four-dimensional(4D) global data assimilation that optimallycombinesobservationsfrom diversesourceswith physical modelsof the earthsystemaimsto provide time-continuous,physically-consistent, griddeddatasetsuseful for studyingthe interactions betweenthe hydrologicalcycle, atmosphericdynamics,andclimate variability. To do so, the assimilation must be quantitatively accurate in depicting the precipitation intensity and variability since many key climate parameterssuch as clouds and radiation are directly affectedby the precil_itationprocess.At the presenttime, the utility of globalreanalyses produced usingfixed assimilation systemsis limited by significant errors in the primary hydrological fields such as precipitation,evaporation,especiallyin the tropics, where conventionalobservationsare sparse (WCRP 1998 ,Newmanet al. 2000 .
Operational centerscurrentlydo not useprecipitationdatato produceforecastsor analysis products. However,therehavebeenabundant studiesshowingthat assimilationof satellite-based rainfall estimates canimprovenumerical weatherpredictionand dataanalysis(e.g., Krishnamurti et al. 1984 Krishnamurti et al. ,1991 Krishnamurti et al. ,1993 Donner1988; Purl and Miller 1990; Turpeinenet al. 1990; Kasaharaet al. 1994 ,Zupanski and Mesinger 1995 ,Treadon 1996 ,Tsuyuki 1996a , 1996b , 1997 .Most investigations focusedon usingprecipitationdatato improve short-rangeforecastsand the firstguessfieldsusedin dataanalyses. But, in the presence of systematic errors in the forecastmodel, forecast improvementsmay not be indicative of the extent of the improvementsthat can be achieved in the time-averaged assimilationfields or in termsof the quality of reanalysesas 4D climatedatasets. In two separate studies-oneusing SSM/I-derivedrainfall andTPW retrievals availableprior to the TRMM launch andthe other using TMI data, Hou et al. (2000a Hou et al. ( ,2000b showed that assimilating the 6-h averagedtropical rainfall and TPW retrievals from these instrumentsimproves not only short-rangeforecastsbut is even more effective in reducing systematicerrors in the hydrological cycle and key climate parameterssuch as clouds and atmosphericradiation in the assimilateddatasetproducedby the GoddardEarth Observing System(GEOS) Data Assimilation System(DAS). These studiesshow that physically-based rainfall estimates derivedfrom microwaveinstruments,despitesomeuncertaintyin the retrieved intensity andthe limited observationsavailablein a 6-h analysiswindow, do provide valuable information that can be usedto good advantagein dataassimilation.
In this article we show the benefits of increaseddata coveragein assimilating the combinedrainfall andTPW retrievalsfrom the TMI and2 SSM/I instrumentsaboardthe DMSP An optimal use of TMI and SSMI rainfall and TPW observationsin data assimilation requiresdetailedknowledgeof observationandforecastmodel errors, which areboth areasof active investigation.For a simple demonstrationof the benefitsof using theseobservationsin assimilation, we will presentresultsfrom a sub-optimalapplicationof thesedatawithout using 
Impact on Time-Mean Fields

a. Surface precipitation
The impact of assimilating the 6-h averaged TMI and SSM]I rainrates on the GEOS precipitation field is illustrated in Fig. 1 for 0000 UTC on 23 January 1998. Figure  la shows to 0.85-0.89, andreduces the error std dev by 41-48%. Figure 2 shows the improved precipitation fields for January 1998. Although rainrates derived from microwave channels tend to be less accurate over land than over oceans, Fig. 2c shows that assimilating the GPROF rainrates improves precipitation not only over oceans but over land as well. Figure 2d shows that using TPW data in conjunction with rainrate estimates yields further improvements.
Similar results in terms of the overall impact of PCP+TPW assimilation for June 1998 is shown in the top right panel of Fig. 4 .
b. Total precipitable water
The monthly-mean spatial statistics in Table 3a and Fig. 3 ), leaving the tropical-mean bias being dominated by the positive biases in rain-free regions.
The positive OLR bias in rain-free areas reflects a dry humidity bias in the lower troposphere, which is diminished by assimilating TPW observations, as evident in the comparison of the clear-sky OLR against CERES measurements in One benefit of assimilating rainfall and TPW data is that they reduce state-dependent systematic errors in assimilation products. An example is given in Fig. 6 The spatial pattern correlation between the January-mean precipitation anomaly ( Fig. 7a ) and the vertical velocity anomaly at 500 hPa (Fig. 7b) is -0.89, and that between the specific humidity anomaly at 400 hPa (Fig. 7c) In this section we examineresultsfor 2 channels:The HIRS2 12 (6.7 _m), which is sensitive to the UTH and the MSU 2, which is sensitive to the mid-tropospheric temperature.
HIRS2 12 has a peak sensitivity to UTH between about 300 and 500 hPa depending on local conditions. Figure 8 compares the synthetic HIRS2 12 and MSU 2 brightness temperatures with observations. The synthetic HIRS12 brightness temperature from the GEOS control shows a cold bias, reflecting a moist bias in UTH throughout the tropics. The difference in synthetic brightness temperature in the bottom left panel shows that rainfall/TPW assimilation leads to "warming" over much of the tropics and reductions of 6% in the bias and 11% in the error std dev w.r.t.
observations. The spatial correlation between the positive synthetic brightness temperature anomaly and the negative specific humidity anomaly at 400 hPa (Fig. 7c ) is -0.81. This is a result of an improved vertical motion field associated with improved precipitation in the assimilation, as shown earlier.
The MSU 2 has a relatively broad sensitivity to tropospheric temperature that peaks near 600 hPa and has a small sensitivity to surface emission. In Fig. 8 the top right panel shows that the synthetic MSU 2 brightness temperatures in the GEOS control are higher than the observed values, consistent with a warm bias in the temperature analysis. However, the differences may not be significant since they are less than the estimated uncertainty of 2 K. We can to some extent remove this ambiguity by examining the difference in synthetic brightness temperatures between two assimilation runs. The bottom right panel in Fig. 8 shows that the impact of rainfall/TPW assimilation is to reduce the warm biases by 0.05 to 0.2 K over large portions of the tropics, which is likely significant given the broad weighting function. Statistics show that rainfall/TPW assimilation reduces the tropical-mean bias by 4% and the error std dev by 7% w.r.t, the observed MSU 2 brightness temperatures.
Impact on Instantaneous Fields and Short-Range Forecasts
Forecast skills that result from an improved initial condition are used to assess the impact of rainfall and TPW assimilation on the instantaneous prognostic fields (i.e., temperature, winds, moisture, and surface pressure) in the GEOS analysis.
a.
5-day ensemble forecast
We Fig. 9b .
The improvements are significant at the 99% level within the first 2 days, as verified against the ECMWF analysis. Figure 9c shows that rainfall/TPW assimilation also reduces the rms errors in the OLR in the first 2 days, as verified against the CERES/TRMM data, indicative of improved cloud fields, as discussed in Sec. 5. Figure  10 shows the impact of TMI and SSM/I rainfall/TPW assimilation on ensemble tropical precipitation forecast. The ensemble consisted of 20 cases of 3-day forecasts with initial conditions 3 days apart from the December 97 to January 98 period. Figure  10a shows that rainfall/TPW assimilation improves spatial correlation of the precipitation forecast with the GEOS PCP+TPW precipitation analysis. The greatest improvements occur within the first 24 hours, where the correlation coefficients are increased from 0.45 in the control to the 0.9-0.6 range. This
b. Precipitation forecast
resultis similar to what one obtainswith physical initialization (Krisknamurti et al. 1994) .The forecastimprovement diminisheswith the leadtime presumablybecausethe influenceof a better initial condition is inherently limited by the growth of model errors. The improved spatial correlationsshownin Fig. 10aarestatisticallysignificant at the 99% level for 66 forecasthours.
By contrast,the reductionsin the rms forecasterrors shown in Fig. 10b are significant only within the first 24 hours. Rainfall/TPW assimilation thus appearsto be more effective in improving the spatialpatternsthan the amplitudesof precipitationforecasts.
To investigatethe local impact of rainfall/TPW assimilation,we examinedthe 6-hr average"observationminus forecast"(O-F) residualsat model gridboxeswhereTMI or SSM/I observationsare availableat both forecastverification times and the initial times from which forecasts weremadewith prognosticfields that had beenmodified by rainfall/TPW assimilation in the previousassimilationcycle. From the same20 forecastsusedfor Fig. 10 ..... , andF. Mesinger,1995:Four-dimensional variational assimilation of precipitationdata.Mon. Wea. Rev., 123, 1112 -1127 . 
